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ABSTRACT
Using a potential field source surface (PFSS) model, we recently analyzed the global topology of the
background coronal magnetic field for a sequence of coronal mass ejections (CMEs) that occurred on 2010
August 1–2. Here we repeat this analysis for the background field reproduced by a magnetohydrodynamic
(MHD) model that incorporates plasma thermodynamics. As for the PFSS model, we find that all three
CME source regions contain a coronal hole that is separated from neighboring coronal holes by topologi-
cally very similar pseudo-streamer structures. However, the two models yield very different results for the
size, shape, and flux of the coronal holes. We find that the helmet-streamer cusp line, which corresponds to
a source-surface null line in the PFSS model, is structurally unstable and does not form in the MHD model.
Our analysis indicates that generally, in MHD configurations, this line rather consists of a multiple-null
separator passing along the edge of disconnected flux regions. Some of these regions are transient and
may be the origin of so-called streamer blobs. We show that the core topological structure of such blobs
is a three-dimensional “plasmoid”, consisting of two conjoined flux ropes of opposite handedness, which
connect at a spiral null point of the magnetic field. Our analysis reveals that such plasmoids appear also in
pseudo-streamers on much smaller scales. These new insights into the coronal magnetic topology provide
some intriguing implications for solar energetic particle events and for the properties of the slow solar
wind.
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1. INTRODUCTION
Observations show that sequential coronal mass
ejections (CMEs) can be widely separated in space
but nearly synchronized in time, in which case a
causal link between them is assumed to exist and
so they are called sympathetic or linked. To prove
this hypothesis and identify underlying mecha-
nisms of the link, in-depth investigations of par-
ticular events are required. For example, Schrijver
& Title (2011) combined SDO and STEREO ob-
servations to analyze a sequence of sympathetic
CMEs that occurred on 1–2 August 2010, which
sparked of other inspiring studies of these and
other eruptions (Schrijver et al. 2013; Jin et al.
2016).
Of particular interest to us is an idealized mag-
netohydrodynamic (MHD) simulation of the 2010
August 1-2 events (Török et al. 2011) that demon-
strates that the topological structure of pseudo-
streamers can precondition the linking and order
of sequential eruptions. Note that such a structure
is primarily due to the background magnetic field
rather than the field of erupting flux ropes. There-
fore, by analyzing just the background-field topol-
ogy, one can gain essential insights into the link-
ing of sympathetic eruptions that occur in pseudo-
streamer configurations. This is important from
a technical point of view, as the stationary back-
ground magnetic field is much easier to model on
its own than together with evolving flux ropes.
Based on this premise, we have investigated
in detail the field-line topology of a potential
field source-surface (PFSS, Altschuler & Newkirk
1969; Schatten et al. 1969) configuration that was
reconstructed from a Solar and Heliospheric Ob-
servatory/MDI (Scherrer et al. 1995) synoptic map
available for the indicated time period (Titov et al.
2012, referred henceforth as Paper I). This investi-
gation confirmed the fundamentals of our idealized
MHD simulation and provided new ideas on topo-
logical links of two additional eruptions that were
not included in the simulation.
The advantage of the PFSS model is that it
provides the simplest possible description of the
global coronal magnetic field. PFSS solutions of-
ten closely match MHD results for configurations
based on line-of-sight magnetograms (Riley et al.
2006). However, even in these cases, the PFSS
model appears to be simplistic in the region close
to the lower edge of the heliospheric current sheet
(HCS). The latter is represented in the model by a
source-surface null line, which is in general topo-
logically unstable and has to disappear in a more
realistic model of the global magnetic field. More-
over, as was pointed out in Paper I, some topologi-
cal features, such as open separators, are sensitive
to the presence of the null line at the source sur-
face. In our view, these features are critical for
operating the so-called interchange reconnection
between open and closed fields (Crooker et al.
2002), and hence for setting the causal link be-
tween sequential eruptions. Thus, we arrive at the
question of to what extent results obtained from a
structural analysis of a PFSS configuration model-
independent.
To address this question, we perform here a sim-
ilar analysis by using a full MHD model that
is derived from the same MDI data. Comparing
our MHD and PFSS models, we identify the salient
similarities and differences in their magnetic stru-
cutures.
We start by describing the MHD model in Sec-
tion 2.1 and techniques for analyzing the field-
line topology in Section 2.2. In Section 3, we
present our results obtained first from only coronal
holes’ maps (Section 3.1) and then from a com-
bination of Q-maps and coronal holes’ connec-
tivity maps (Section 3.2); the magnetic topology
of regions fully disconnected from the Sun and
pseudo-streamers are described in Section 3.3 and
Section 3.4, respectively. In Section 4, we con-
sider some “spin-off” implications of our analy-
sis for coronal processes, and Section 5 provides
a summary and discussion of our work.
We use the following acronyms for structural el-
ements of magnetic configurations:
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BFLP: bracketing field-line pair
BP: bald patch
CHs: coronal holes
DFRs: disconnected flux regions
DFSS: disconnected-flux separatrix surfaces
HCS: heliospheric current sheet
PIL: polarity inversion line
QSLs: quasi-separatrix layers
SCs: separatrix curtains
2. INVESTIGATION METHODS
This new study of the coronal magnetic field
at the time of the 2010 August 1–2 sympathetic
CMEs uses two methods. First, we apply our nu-
merical MHD model of the solar corona (Section
2.1) to reconstruct this field from the observed
magnetic data. For analyzing its structure, we then
employ updated techniques (Section 2.2), which
are based on a point-wise mapping of the bound-
aries on themselves along magnetic field lines.
These techniques enable us to detect structural fea-
tures of the magnetic field in the volume or at the
boundaries and to determine comprehensively the
related field-line topology.
2.1. MHD Model
In order to highlight the differences between
the PFSS model and the MHD model, we used
an identical photospheric magnetic field distribu-
tion (Titov et al. 2012) as boundary conditions for
both models. The radial component of the photo-
spheric magnetic field is based on a SOHO/MDI
synoptic map of Carrington rotation 2099 (ob-
served from 13 July to 9 August, 2010), suitably
filtered, including smoothing and geometrical fit-
ting of the polar fields. Our MHD model (Lionello
et al. 2009) employs improved energy transport, in-
cluding an empirical parameterized coronal heat-
ing specification, anisotropic thermal conduction
along the magnetic field lines, radiative losses, and
solar wind acceleration using a simplified WKB
model of Alfvén wave propagation (Jacques 1977).
The upper chromosphere and transition region with
their steep temperature and density gradients are
included in the model, starting at a temperature
of 20,000K at the base of our radial domain. This
model determines the equilibration between open
and closed magnetic fields in the corona, includ-
ing the acceleration of the solar wind along open
field lines to supersonic speeds. It is successfully
applied to a coronal prediction for the August 1,
2008 total solar eclipse by Rušin et al. (2010).
We used gas-characteristic boundary conditions
parallel to the magnetic field lines at the lower ra-
dial boundary (the upper chromosphere), and out-
ward characteristics at the upper radial boundary,
where the flow is supersonic and super-Alfvénic.
The calculation was performed on a nonuniform
spherical (r,θ,φ) mesh, using 252 × 368 × 661
mesh points in a domain with the upper boundary
at r = 20R ≡ Rout. The radial resolution varied
from ∆r = 216km at r = R, increasing to ∆r =
300km in the corona at r ' 1.02R, ∆r = 800km
at r ' 1.05R, and ∆r = 0.6R at r ' 10R. In
the (θ,φ) plane, the mesh points were concentrated
in the region of interest, encompassing the princi-
pal active region and the two filament channels in
the northern hemisphere (marked as 2’, 2, and 3 in
Figure 1, respectively). The smallest mesh cells,
in the active region, were 0.18◦ × 0.18◦, gradu-
ally increasing to 0.37◦ × 0.37◦ in the region of
the two quiescent filaments. Far from the region
of interest, the mesh cells increased to ∆θ = 2.6◦
(at the poles), and ∆φ = 1.1◦. The calculation was
performed on 3,360 processors of NASA’s Pleidas
supercomputer.
Our thermodynamic MHD model uses an em-
pirical coronal heating source H. Over the years
we have settled on two principal empirical heating
sources (which we call Version 1 and Version 2).
Each heat source has a handful of parameters to
link the heating to the magnetic field, the magnetic
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topology (via computed closed and open field re-
gions), and to specified heating scale lengths. We
have invested considerable effort in finding coro-
nal heating specifications that produce realistic so-
lar wind solutions, while simultaneously matching
emission in EUV and X-rays (Lionello et al. 2009).
The model described in the present paper uses Ver-
sion 2 of the heating model. Briefly, the heating
is defined by the sum of four terms. The first is
an active-region and quiet-sun term in which the
heating falls off exponentially from the solar sur-
face with a scale height of λ = 0.06R, with an
amplitude that is proportional to Bphoto, the local
magnitude of the photospheric magnetic field. This
heating is used only in closed-field regions, as es-
timated from a PFSS model. The second term is a
“neutral line” heating whose magnitude falls away
from the photospheric polarity inversion line (PIL)
at which Br photo = 0. This heating has a scale length
λ = 0.03R, and is also proportional to Bphoto. The
third term is a “fast wind” heating with a scale
length λ = 1.0R that is applied everywhere. The
fourth term is a “short-scale” heating with a scale
length λ = 0.03R that is also applied everywhere.
This ad hoc feature of the heating model arises
from the complex nature of coronal heating, a sub-
ject that is currently not well understood. In prac-
tice, our heating specification produces solutions
with reasonable coronal properties. A comparison
between an MHD simulation employing this heat-
ing model and ground-based and spacecraft ob-
servations of the July 11, 2010 total solar eclipse
showed good agreement, including the locations of
coronal holes and coronal streamers, and bright-
ness in X-rays and EUV.
The model was relaxed for 55 hours, when the
magnetic field reached a state of quasi-equilibrium.
The equilibration between open and closed mag-
netic field structures was achieved by this time.
Some of the low-lying loops in the active region,
where the heating was very strong, experienced
thermal nonequilibrium throughout the simula-
tion, with cyclic condensations and evaporations
of plasma (e.g., Mikic´ et al. 2013). In this sense,
for the parameters selected, there is no strict steady
state in the MHD model, a common occurrence
when the plasma is heated to observed coronal
temperatures (Mok et al. 2016). Nevertheless, the
large-scale coronal structures are in a state that is
close to equilibrium.
2.2. Techniques for Analyzing the Structural
Skeleton of Magnetic Configurations
The structural skeleton of a magnetic configu-
ration is formed by separatrix surfaces and quasi-
separatrix layers (QSLs) (Priest & Démoulin 1995;
Démoulin et al. 1996; Titov et al. 1999). Its de-
termination for a realistic magnetic field model is
a very important but generally challenging task.
Significant progress in solving this problem has
been made by developing automated procedures
for calculating the skeleton footprints at the bound-
aries of computation domains and at their cross-
sections (Titov et al. 2008; Pariat & Démoulin
2012; Liu et al. 2016; Tassev & Savcheva 2016).
These footprints are identified as two-dimensional
regions characterized by high values of the so-
called squashing degree or factor Q of elemental
magnetic flux tubes (Titov et al. 1999, 2002; Titov
2007). Q is defined at both footpoints of a given
field line and, by construction, has the same value
there. It measures the divergence of the neighbor-
ing, infinitesimally close, field lines from the given
field line. Typical Q distributions at the boundaries
have sharp ridges with very narrow bases, which
are called hereafter high-Q lines or curves. So the
structural skeleton can, in principle, be retrieved
by tracing appropriate field lines from the high-Q
curves. Thus, our general approach to analyze the
magnetic structure is as follows: We first calculate
the required Q-maps and then trace a set of field
lines whose footpoints best localize the Q-ridges
on these maps. The first part of this approach is al-
ready well developed, while the second one is new
and rather nontrivial. We discuss it in detail below
in Section 2.2.2 and Section 2.2.3.
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2.2.1. The Structural Skeleton in Terms of Q-maps
Since both boundaries in our magnetic-field
model are spheres, we compute the Q-maps at the
boundaries by using the expression of Q in terms of
the Jacobi matrix elements for the field-line map-
ping determined in spherical latitude-longitude co-
ordinates (θ,φ) (Titov 2007; Titov et al. 2008). For
interpreting these maps, we find it useful to show
on them additionally the sign of the normal field
Br at the boundary. It is convenient to do this by
using the function called signed log Q, or simply
s-logQ, defined as (Titov et al. 2011)
s-logQ≡ sign(Br) log
[
Q/2+
(
Q2/4−1
)1/2]
.(1)
Using a two-color scale bar that is symmetric about
zero for plotting s-logQ distribution, we automati-
cally show sign of Br on the Q-map. Letting these
colors rapidly fade from the ends to the middle
of the color bar, one also sharpens high-Q lines
and thereby improves the readability of complex
s-logQ-maps. We employ here such a sharpening
aqua-crimson palette (see Figure 2) instead of the
blue-red palette that we used earlier in Paper I. As
before, it is also helpful to combine this color cod-
ing with a transparency mask in which the colors
are made fully transparent at Q . 102 and gradu-
ally becoming fully opaque at, say, Q≈ 103. Thus
prepared, the s-logQ-maps can be superimposed
on corresponding Br-maps without much obscur-
ing each other, even if the Br-maps themselves are
colored in blue-red (see, e.g., Figures 5 and 7 be-
low).
As mentioned above, both footpoints of a field
line have the same value of Q, which therefore can
be assigned to the field line itself, as a whole. The
Q factor thus becomes extended from the boundary
into the volume. This formally implies that Q has
to satisfy the equation
B ·∇Q = 0 ,
where B is assumed to be known in the volume.
With this extension, we can define the structural
skeleton as a high-Q subvolume, which is essen-
tially a set of QSLs. The computation of Q-maps
at the cross-sectional planes in addition to those at
the boundaries facilitates understanding the struc-
tural skeleton (Aulanier et al. 2005; Titov et al.
2008; Pariat & Démoulin 2012; Savcheva et al.
2012a,b).
2.2.2. The BFLP Method for Calculating
(Quasi-)Separaratrix Surfaces
However, even with the help of the described
powerful technique, it remains difficult to inter-
pret the Q-maps of realistic configurations, due
to their sheer complexity. To mitigate this prob-
lem, we have developed a new method that allows
one to calculate efficiently the field-line structure
of the (quasi-)separatrix surfaces by starting from
their high-Q footprints. The underlying algorithm
iteratively determines sets of field-line pairs that
bracket the structural features, such as null, mini-
mum (Titov et al. 2009), and bald patch (BP) (Titov
et al. 1993; Seehafer 1986) points, which give birth
to the (quasi-)separatrix surfaces. Convergence of
the algorithm towards the high-Q footprint from
either side automatically approximates these sur-
faces and the field-line structures at the related fea-
tures.
A (quasi-)separatrix field line is approximated
at each iteration by first tracing many field lines
whose footpoints are located between those of the
present bracketing field-line pair (BFLP), then se-
lecting from them a new BFLP (the pair of field
lines with the highest divergence) for the next it-
eration. It is clear that this method is less effi-
cient as the one that traces separatrix field lines
from points that are preliminary obtained by an-
alyzing null-point neighborhoods (Haynes & Par-
nell 2010). However, while loosing in efficiency,
our BFLP method has the advantage to remain vi-
able even when the numerical field data are not
suitable for the null-neighborhood analysis. Such
a situation arises when the numerical resolution is
not high enough in a region where a null point is
predicted to be present by, say, a PFSS model. In-
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deed, for sufficiently strong MHD perturbations of
such a region, the neighborhood of the expected
null point can collapse into a current layer of a
thickness that is comparable with or even smaller
than the local size of the grid. This might cause
the null-neighborhood analysis to fail, as it relies
on the matrix of magnetic-field gradients, which
tends to degenerate in such a situation. In contrast,
our BFLP method then still produces qualitatively
sensible results.
2.2.3. The Coronal-Holes’ Connectivity Maps
The high-Q footprints of the (quasi-)separatrix
surfaces at the upper boundary are related to hel-
met streamers and pseudo-streamers. For an over-
all assessment of the global magnetic structure, it
is useful to combine these maps with what we call
connectivity maps of coronal holes (CHs). The lat-
ter depict the photospheric CHs along with their
boundary field lines shown in projection to the
photosphere (Liu & Hayashi 2006; Liu 2007). We
have refined this type of visualization in such a way
that the CH-boundary field lines rooted in opposite
photospheric polarities meet pairwise at the upper
boundary (see Figure 3 below). It is difficult to
make this refinement straightforwardly, i.e., by ad-
justing their starting footpoints at the photosphere.
Fortunately, the desirable result is achieved also
by simply using the upper-boundary footpoints as
starting ones. For technical reasons (see Section
3), it makes sense to choose an upper boundary at
r = R∗out < Rout for analyzing the coronal magnetic
structure determined by the MHD model in the do-
main between R and Rout. Then the field lines of
interest are those closed field lines which attain the
upper boundary at the PIL defined by the equation
Br(R∗out,θ,φ) = 0. Depending on the used model
of the global configuration, either all or a part of
the solutions of this equation determine the points
where the CH-boundary field lines meet. Start-
ing from these points, we can trace our field lines
downwards to the borders of the photospheric CHs.
Then projecting these field lines to the photosphere
yields the refined CHs’ connectivity map.
In configurations derived from MHD models,
the magnetic field is generally nonzero along the
upper-boundary PIL, which implies that each of
its points is passed through by a unique field line.
However, only those of these field lines that ap-
proach the PIL from below are connected to the
photospheric borders of CHs. In other words, only
the upper-boundary BPs (see the BP criterion for
spherical boundary in Appendix A) should be used
for initializing CH-boundary field lines. Tracing
these field lines from the PIL forward (backward),
we determine how the corresponding side of the
HCS boundary is connected to a negative (posi-
tive) polarity at the photosphere. The remaining
segments of the upper-boundary PIL belong to dis-
connected flux regions (DFRs) (see Section 3.3).
For PFSS models, the described approach should
be modified, because the magnetic field vanishes at
the source-surface PIL. The latter turns in this case
into a null line at which the uniqueness of pass-
ing field lines is no longer valid. However, an-
alyzing the field-line structure near this null line,
we derive certain small displacements from it to
non-null points of the helmet-streamer separatrix
dome (Appendix B). Then, by tracing field lines
from these points, the dome is uniquely recovered.
In the CHs’ connectivity maps thus created for
both of the models, it is instructive to take the same
individual color for each CH and its boundary field
lines. The use of, say, reddish and bluish tints helps
also to distinguish between CHs of positive and
negative polarities, respectively. This color scheme
significantly enhances the informational content of
the maps, as it enables one to show clearly how in-
dividual CHs of opposite polarities get into contact
with one another, and how their boundary mag-
netic fluxes split at the HCS and close onto one
another (Figure 3).
In addition, by superimposing upper-boundary
s-logQ-maps onto related CHs’ connectivity maps,
we gain two extra capabilities. First, this superim-
position allows us to identify on the HCS the ex-
act locations where the CH-boundary fluxes split.
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Second, it elucidates the relationship of the upper-
boundary footprints of the pseudo-streamer SCs to
the associated (basic) null points low in the corona.
Some of the boundary field lines in two neighbor-
ing CHs of like polarities encounter at these points
and diverge before reaching the upper boundary.
As shown in Section 3.2, counter-streaming pat-
terns of these field lines clearly reveal the locations
of the basic nulls on the maps.
3. MHD VS. PFSS: COMPARATIVE STUDY
OF THE MAGNETIC STRUCTURE
PFSS configurations have only two types of mag-
netic field lines: (1) closed field lines with both
footpoints at the photosphere and (2) open field
lines with one footpoint at the photosphere and the
other at the upper boundary, typically chosen at
r = Rout = 2.5R (the source surface). To account
for the field-line stretching by the solar wind, the
upper-boundary condition is prescribed such that
the computed source-surface field would be fully
radial. As mentioned above, this boundary condi-
tion automatically nullifies the field at the source-
surface PIL. The PFSS model assumes that the
HCS is rooted at this line, which tacitly implies
that the field vanishes all over the HCS midsurface
as well. However, a comparison with more realis-
tic MHD model shows that the thus inferred struc-
ture of the HCS is oversimplified.
In particular, the MHD-modeled HCS has nei-
ther a null line nor a null surface, implying that
those are artifacts of the PFSS model. Due to a
free-outflow boundary condition imposed in MHD
at the uppermost radius Rout, the magnetic field in
the HCS has enough freedom to be almost, but not
fully, radial. As inferred below, the HCS must
have, in general, a separator field line threading
several null points, instead of the source-surface
null line. This feature turns out to be inherently
related to the presence of DFRs, which consist of
field lines whose both footpoints are located at the
upper boundary.
In the following, we will restrict our topologi-
cal analysis of the MHD model mainly to the do-
main R ≤ r . 5R(≡ R∗out). This can be done
almost without a loss of information on the field-
line opening, since the bulk of the field lines be-
comes straightened out by the solar wind already at
r ≈ 4R. The restriction to 5R also significantly
speeds up field-line tracings, which are required in
vast numbers for our analysis.
3.1. Coronal-Holes’ Maps
The photospheric CHs’ map is computed on a
uniform grid with an angular cell size of 0.125◦—
the same we used for our PFSS configuration.
Overall, both models’ maps give similar results,
particularly for the source region of the observed
CME sequence (top panel in Figure 1). As in
our PFSS model, this region contains three coro-
nal holes of negative polarity (CHi, i = 1,2,3) that
are clearly isolated from one another by positive
parasitic polarities. However, they are now signif-
icantly larger in size and different in shape, partic-
ularly CH2 and CH3. Even more dramatic changes
are seen for the CH formed in the positive polar-
ity of the active region close to filament 2′: being
barely noticeable in the PFSS model, it turns into a
CH twice as large as CH2.
These differences are likely systematic in ori-
gin, because all low-latitude coronal holes show
predominantly similar differences between the two
models (bottom panel in Figure 1). The tendency
of the MHD model to produce a larger open-
field area also manifests in the presence of several
smaller coronal holes that have no analogues in the
PFSS model. Only the polar coronal holes of the
two models could be regarded as having almost
identital properties.
Thus the MHD model yields a more open and
complex structure at the low-latitude photosphere,
which corresponds in the high corona to a wider
equatorial belt of (quasi-)separatrix surfaces (the
so-called S-web, Antiochos et al. 2011; Linker
et al. 2011; Titov et al. 2011, see also Section 3.2)
Of particular importance is the fact that the MHD
model makes our source-region CHs larger. As
will become clearer below, this additionally sub-
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stantiates our earlier explanation for the causal
link between sympathetic CMEs through pseudo-
streamer topological structures.
3.2. s-logQ-Maps and Coronal-Holes’
Connectivity Maps
To gain further insights into the structure of our
configuration, let us consider its s-logQ maps at
the photosphere and the upper boundary r = R∗out.
Both maps are presented in the top and bottom pan-
els of Figure 2, respectively. Comparing the top
panel with Figure 3 in Paper I, we see that they are
very similar, except near the low-latitude coronal
holes discussed above.
In particular, three prominent high-Q lines, la-
beled in Figure 2 (top panel) as SCi, i = 1,2,3, are
identified in the region of interest. They are photo-
spheric footprints of the separatrix curtains (SCs)
we described in Paper I. Each of these SCs bisects
the associated parasitic polarity and serves as an
interface between two adjacent arcades of closed
magnetic field rooted in that polarity. Thus, in
the low corona, the basic structure of the pseudo-
streamers in the two models is very similar (see
more details in Section 3.4).
The situation, however, dramatically changes
higher up in the corona, where the isolated low-
latitude CHs rapidly expand toward the up-
per boundary. As their expansions are rather
anisotropic and nonuniform, their cross-sections
become strongly distorted with increasing radius.
They are outlined on the Q-map at r = R∗out by
high-Q lines, forming a network of closely packed
cells (i.e., an S-web; see bottom panel in Figure 2).
These cells are typically different from and larger
than their PFSS analogues. To facilitate compar-
ison between the two models, the corresponding
source-surface Q-map is shown dimmed in the
panel (for a full-colored version of that source-
surface s-logQ-map, see Figure 2b in Paper I).
One can see that, in contrast to an eye-like form of
cells in the PFSS model, either oval or curvilinear
polygonal cells are present in the MHD model.
As evident from the panel, there are also essen-
tial differences between the two models regard-
ing the HCS. Irrespective of the model used, the
HCS structure is represented at the upper bound-
ary by two adjacent high-Q lines following the
PIL; they are colored in aqua and crimson on our
s-logQ-map. In the PFSS model, these two lines
are merged together all over the PIL, which is in
that case a simple and smooth curve resembling a
sinusoid. In the MHD model, the PIL turns out
to be a much more complex curve having several
cusps and folds. The two high-Q lines here are
also merged together along the PIL, but not every-
where. There are several segments of the PIL along
which these lines are separated by narrow pod-like
areas; in the top panel, those are shaded in yellow.
These areas are cross-sections of the DFRs, which
are formed inside the HCS at r & 3R. We will
discuss these regions in more detail in Section 3.3.
The differences in magnetic structure between
the two models become even more prominent in
the CHs’ connectivity maps. As can be seen in
Figure 3, this particularly concerns the low-latitude
CHs: Their boundary fluxes split at the HCS and
close onto their counterparts in the opposite polar-
ities quite differently in the models. In particular,
the CH-boundary fluxes from the polar CHs are
fully “intercepted” at the HCS in the MHD model
by low-latitude CHs of the opposite polarity. How-
ever, in the PFSS model, this “interception” is only
partial, so that a significant fraction of the polar
CH-boundary fluxes remains closed onto one an-
other.
According to these maps, the CH-boundary field
lines behave differently also inside the HCS. In
the PFSS model (bottom panel in Figure 3), they
reach the source surface perpendicularly to the PIL
– null line, and conceivably continue above it radi-
ally and antiparallel across the HCS. In contrast,
in the MHD model most of such field lines reach
the upper boundary by touching it at different an-
gles with respect to the PIL. This is because only
the radial magnetic field vanishes there, while the
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other components remain finite. This is consistent
with the top panel in Figure 3, which implies that
the field lines are not radial and antiparallel across
the HCS but rather sheared along it. Further evi-
dence for this fact will be revealed in Section 3.4
from analyzing the field-line structure of the sepa-
ratrix curtain SC1.
All these differences between the models are of
a general nature and therefore should be present in
other case studies as well. Their full implications
for coronal and heliospheric investigations have
yet to be realized. At present, it seems that these
differences affect the models’ predictions regard-
ing the transport and escape of solar energetic par-
ticles from source regions located near CH bound-
aries (see Section 4).
It is remarkable that, in spite of all these differ-
ences, the MHD model still firmly supports our
previous results (Török et al. 2011; Titov et al.
2012) concerning the role of pseudo-streamers in
the sympathetic eruptions on 2010 August 1–2. In-
deed, Figures 2 and 3 suggest (and Section 3.4
substantiates it) that, as in our PFSS model, there
are three pseudo-streamers involved in these erup-
tions. Their separatrix curtains SCi higher up in
the corona serve as boundaries between the coro-
nal holes CHi and either the northern polar CH (for
i = 1,3) or CH1 (for i = 2), all of negative polar-
ity. Low in the corona, these three SCs continue
down to positive parasitic polarities, to divide their
closed-field structures into two lobes. Four of these
six lobes contained the erupting filaments (all num-
bered ones except for 2′ in Figure 2) in a man-
ner similar to what we found for the PFSS model.
This implies that the plausible scenario of sympa-
thetic eruptions that we previously inferred in Pa-
per I from our PFSS and idealized MHD simula-
tion (Török et al. 2011) remains valid.
3.3. Disconnected-Flux Regions and
HCS Magnetic Topology
We have saved 15 instances of our relaxation
run of the MHD model (Section 2.1) at equidistant
times, starting from the initial potential field at in-
stant 1. The last nine configurations contain slowly
evolving DFRs, which are outlined in the top panel
of Figure 4 by contours of different colors. Once
being formed in the HCS, the DFRs grow in size,
but at a decaying rate, except for one that behaves
differently (encircled in Figure 4). It has appar-
ently a transient character by first emerging and
growing quickly for a while, and then disappear-
ing from the domain. However, after inspecting
how the DFRs vary with increasing R∗out at instant
15 (bottom panel in Figure 4), we found that the
transient DFR actually turns into a “normal” DFR
located at r > R∗out ≈ 5R. This means that an ini-
tially fast motion of the edge of the transient DFR
away from the Sun slows down at larger radii to
a full stop. Thus, all of the DFRs, including the
transient one, eventually become almost stationary
magnetic features with steady MHD flows in them.
Scabbard-like disconnected-flux separatrix sur-
faces (DFSS) isolate these DFRs from surrounding
open field (see Figure 5). These surfaces are as-
sociated with the magnetic null points that reside
in the HCS at a height of few solar radii, either
nearby or at the tips of the “scabbards". In the first
case, they are formed by the field lines touching
the upper boundary. In the second case, they sim-
ply coincide with a fan separatrix surface of one
of the null points; this surface is folded and highly
flattened inside the HCS. In both cases, the field
lines located at the opposite sides of the “scabbard"
show a strong shear, which is due to a current-
density enhancement inside the “scabbard". This
is also the reason why the fans are folded and flat-
tened at the related null points.
If the computational domain were extended to
larger radii Rout, we would likely have at the end of
the relaxation not several DFRs, but rather a sin-
gle DFR covering the entire HCS. The tendency
toward such a merging of the DFRs can be in-
ferred from their temporal and spatial variations
presented in Figure 4. The top panel in particu-
lar shows that the quasi-steady DFRs, as defined
for the domain with R∗out ≈ 5R, grow in size and
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stretch with time, as if trying to merge with one an-
other all over the HCS. The bottom panel confirms
this tendency in the radial variation of the DFRs at
the final time, demonstrating that they indeed grow
in size with increasing R∗out. This implies that the
gaps between the DFRs would shrink with increas-
ing distance from the Sun to cause the DFRs to
merge gradually at larger radii.
In other words, our analysis suggests the follow-
ing magnetic topology of the HCS in unbounded
space, i.e., in the limit Rout →∞ and R∗out →∞.
The field lines sucked into the HCS by the so-
lar wind cannot remain closed indefinitely—due
to stretching by the solar wind, their cusp sum-
mits will be sharpening only up to certain crit-
ical heights. Beyond these heights, the cusps of
the field lines have to flip over by switching their
connectivity to the upper boundary, thereby form-
ing a DFR. The respective one-dimensional set of
cusps at the critical heights, i.e., at the rim of this
DFR, has to be no more than a multiple-null sepa-
rator field line, which zigzags and threads the null
points residing at the tips of the “scabbards". We
conjecture that such a global separator encircling
the entire Sun in MHD models is a substitute for
the source-surface null line in PFSS models.
The structure of the transient DFR, into which
we are going to look in more detail now, is con-
sistent with this point of view. Transient DFRs
are of particular interest, because they likely cor-
respond to the observed disconnection events (De-
Forest et al. 2012) and so-called streamer blobs
(Sheeley et al. 2009). To support this statement,
we show in panel (a) of Figure 6 synthetic Thomp-
son scattering brightness, as it would be observed
in the solar north-south direction at time instant
11 in a coronagraph with the field-of-view cover-
ing 2 − 18R. An ad-hoc vignette function pro-
portional to (r − R)3 was used here to accentu-
ate fainter structures at larger coronal heights. The
panel shows a compact region of enhanced bright-
ness that is rapidly moving away from the Sun to-
gether with the lower edge of the transient DFR.
The angular width of this region is about 8◦, which
is comparable to the event width of 5◦ estimated by
DeForest et al. (2012).
The magnetic topology is rather intricate both
inside this DFR and at its boundary (see panels
(b) and (c), respectively). The core of this struc-
ture is a magnetic “roll" (panel (b)) consisting of
fully disconnected field lines (yellow) that make
many turns around a spiral null point before they
return to the upper boundary. The separatrix field
lines (thick magenta lines) either spiral out from
the null to the upper boundary, or go from it in
opposite directions transversely to the spirals and
down to the photosphere (see panel (b) and its in-
set). Their footpoints lay at the border of the CH
rooted in a strong positive polarity region (see the
inset to panel (c)). The field lines of the first type
form a fan separatrix surface, while two field lines
of the second type are spine separatrix field lines.
All these separatrix field lines are visualized here
by using the BFLP technique described in Section
2.2.2.
Additional insights into the field line connectiv-
ity in this DFR are gained from combined upper-
boundary maps of s-logQ and open/disconnected-
flux regions, shown in panel (d). The open-field
regions on this map are colored in green. To iden-
tify the flux tube footprints with a large field-line
length L, the DFR is shaded in this map in purple
if L > 100R, and brown otherwise. The purple
footprints correspond to the magnetic blob, with
field lines colored in yellow. It is interesting that
one of these footprints is not a simply-connected
region: It contains two narrow stripes of open-field
regions, implying that two open-flux strands pierce
through the volume of the transient DFR. Several
open field lines (white) of these strands are de-
picted in panels (b) and (c). These field lines pass
nearby the indicated spiral null point, which sug-
gests that they are likely formed by reconnection
at this null in the course of the blob moving away
from the Sun.
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The boundary magnetic surface of the transient
DFR is a separatrix surface, which we recovered
with the help of our BFLP technique. It has four
distinct parts, two of which belong to the open-
field boundary and are rooted at the photosphere
in positive and negative polarities. These parts are
distinguished in panel (c) of Figure 6 by coloring
the related BFLPs in red and blue, respectively, of
various tints. Three insets (ic1–ic3) to this panel
show zoomed views of the BFLPs’ branching at
several null points. The BFLPs abruptly split at
them to give, in particular, V-type field lines that
form the boundary of the transient DFR. Sharp
cusps of the V-type lines originating at the nulls
indicate that the field-line structure in their vicinity
is highly flattened, which reflects a local enhance-
ment of the current density at this part of the DFR.
With increasing number of used BFLPs, these
null points tend to settle on a zigzag-like line seg-
ment. Before splitting at the nulls, each of these
BFLPs tangentially converges to a part of this seg-
ment, as seen from inset (ic3) to Figure 6 for a sub-
set of the BFLPs. This field-line structure suggests
that the inferred segment is actually a multiple-
null separator field line. It is similar to the global
separator described above, with one exception: It
does not close on itself, as the global separator, but
terminates at ends, which are two of the several
nulls connected by the separator. And it is exactly
the separator along which the, oppositely directed,
open fields reconnect with one another by replen-
ishing adjacent closed and disconnected flux sys-
tems, below and above the separator, respectively.
Thus, with respect to the separator, the described
open-field parts of the DFR boundary belong to the
reconnection inflow region.
The remaining two parts of the DFR boundary
are associated with the reconnection outflow re-
gion. They consist of U-type field lines whose
lower parts smoothly dip by curving near the end
nulls of the separator. These disconnected field
lines are separatrix lines as well, because one of
their two footpoints is a contact point that belongs
to the upper-boundary PIL. In panel (c), they are
continued from these contact points down to the
photosphere as thinner lines of the same greenish
colors.
3.4. Magnetic Topology of Pseudo-Streamers
As in the PFSS model, the pseudo-streamer lobes
in our MHD configuration are delimited by the fan-
like separarix surfaces that originate at either null
points or bald patches (Titov et al. 2011, 2012).
These surfaces have the appearance of separatrix
domes and the above-mentioned SCs. Each SC is
formed by both open and closed field lines, all con-
nected to a single null point in the corona. The
null point is individual for each of the SCs and
called basic null to distinguish it from other pos-
sible nulls related to the pseudo-streamer topol-
ogy. The separatrix surfaces are complemented by
one-dimensional separatrix field lines (Lau & Finn
1990), so-called spine lines (Priest & Titov 1996),
which are joined to the basic nulls transversely to
these surfaces. The angle between the line and the
surface is the smaller the larger the local current
density is (Parnell et al. 1996).
Figure 5 presents open-field segments of the
three separatrix curtains (SC1, SC2, and SC3),
which presumably interacted with the erupting fil-
aments 1–3, and 3’ in the 2010 August 1–2 event.
For SC1 and SC3, these segments are remarkably
different to their PFSS analogues in the following
respect: When approaching the basic null, their
BFLPs tend to osculate first, then make a sharp
turn, and finally split at the null and go along the
spine lines in opposite directions down to the pho-
tosphere. In the PFSS model, the separatrix field
lines of SC1 and SC3 instead approach their basic
nulls directly, and they do so at different angles
(see Figures 5 and 8 in Paper I), which implies
some isotropy of the PFSS field in the fan planes
near the nulls.
These structural differences in SC1 and SC3 be-
tween the models result from the electric currents
that are induced in the MHD model in the vicinity
of the basic nulls by solar-wind flows. The latter
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have to be well aligned with the open field lines
and so have to follow the highly curved paths of
the field lines near the nulls. This, in turn, implies
the presence of significant inertia forces at these
locations, which must be balanced in our config-
uration by the Lorentz force and the pressure gra-
dient. Since the inertia forces are generally non-
potential, the presence of the Lorentz force is nec-
essary to sustain equilibrium. Thus, a concentra-
tion of the current nearby basic nulls, and hence
a distortion of their local field structures, are in-
evitable in MHD configurations. It can be expected
also that this effect becomes stronger with increas-
ing height of the basic nulls, since the solar-wind
speed in the low corona increases with height as
well. And indeed, we see this effect for SC1 and
SC3, but not for SC2, whose basic null is at a much
lower height than for the other two SCs.
There are also fans spanned by closed field lines,
which start either at other nulls or at BPs. As in the
PFSS model, each fan has the shape of a half-dome
and delimits closed flux rooted in the parasitic po-
larity at one of the two flanks of a pseudo-streamer
(see Figure 7 in Paper I). The half-domes join each
other along the spine line of the basic null to form
the closed separatrix dome covering the parasitic
polarity of a pseudo-streamer. The whole struc-
ture is such that the SC intersects the dome along a
separator field line and divides the enclosed flux of
the parasitic polarity into two lobes, each of which
may contain a filament (see Figures 5–7 in Paper
I).
3.4.1. Fine Structure of Pseudo-Streamer Separatix
Curtains
So far, we compared mainly the open-field parts
of SCs in the pseudo-streamers present in our two
magnetic field models. By comparing also their
closed-field parts we can gain even more interest-
ing insights into the structure of SCs. Figure 7 il-
lustrates this fact by showing three different views
of SC1. Panel (a) presents the global view of SC1,
similar to the one used earlier in our PFSS model
(cf. Figure 5 in Paper I). Panel (b) shows a view
of the other side of SC1, and panel (c) depicts the
same view, but zoomed into the area around the
basic null of SC1. The open and closed separa-
trix field lines, colored here in two different tints
of cyan, as well as thick pink field lines and thick
magenta spine lines, are all connected to the basic
null.
The thick pink field lines in Figure 7 touch the
upper boundary and so represent the open sepa-
rators. As discussed above, their definition de-
pends on how far away from the Sun this bound-
ary is located. However, the differences between
the lower parts of the separators decrease when
the upper boundary is moved farther out. More-
over, since the upper ends of the pink field lines
in this thought experiment remain inside the HCS,
they will sooner or later join the far-distant nulls
of the DFRs, which we discussed in Section 3.3.
Once that is the case, we would have exact open
separators connecting the basic null with the nulls
of the DFRs. Proving this conjecture is, however,
technically challenging for a case study like ours,
because it would require a precise computation of
the related very long BFLPs, which may, in princi-
ple, extend beyond Rout = 20R. We postpone this
task for the future, and focus here on the magnetic
topology in our domain of radius R∗out ≈ 5R.
The closed-field parts of SC1, which join its
open-field part along the described separators, rep-
resent actually the transverse field-line structure of
the helmet streamer and adjoint HCS at two dis-
tinct cross-sections. A noticeable difference in the
structure in these cross-sections is instructive, as
it clearly demonstrates the presence of an inhomo-
geneous magnetic component that is aligned with
the current of the HCS. This property of the MHD-
modeled configuration is already discussed in Sec-
tion 3.2 in relation to the field lines forming the
CHs’ boundaries, to which the above open separa-
tors belong by definition.
We see in Figure 7a that the closed-field part
of SC1 on the left remains relatively wide almost
all over its extension in height. In contrast, the
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width of the closed-field part on the right rapidly
shrinks with growing radius already from r ' 2R
on. This, however, does not necessarily mean that
the HCS is wider on the left than on the right. That
is because SC1 crosses the HCS at these two sites
at different angles: The crossing is nearly parallel
to the HCS on the left and perpendicular to it on the
right. This, in turn, is because the magnetic com-
ponent aligned with the current density is on aver-
age much larger in the left than in the right case.
3.4.2. Bifurcation of the Basic Null Point
Of particular interest for our study is the region
around the basic null, which is the point from
which the two magenta thick lines emanate in Fig-
ure 7c, and it is the only null point present in the
PFSS model in the same region. This null survives
the transition from the PFSS to the MHD model,
but its location and matrix of magnetic-field gra-
dients change. Moreover, as the panel shows, the
basic null undergoes also a bifurcation during this
transition, giving birth to two radial and two spiral
nulls that are indicated in Figure 7c by white and
black arrows, respectively.
Physically, this bifurcation is likely due to the
formation of plasmoids by the tearing instability in
a current layer that is formed near the basic null
due to MHD flows. Each plasmoid has a spiral
null point at its center, with its spines co-aligned
locally with the current density. A similar bifur-
cation, but into one spiral and two radial nulls,
was described by Wyper & Pontin (2014a,b) for
jet-type configurations with a simpler initial spine-
fan topology. They explained it by analogy with
a two-dimensional bifurcation of an X-point into
one O- and two X-points such that X→ X−O−X.
Accordingly, we can say that our case corresponds
to the bifurcation of an X-point into two O- and
three X-points as follows: X→ X−O−X−O−X.
The new X-point that corresponds to our basic null
would be located between the O-points, which cor-
respond in three dimensions to our spiral nulls.
To distinguish individual field-line structures as-
sociated with different nulls, the corresponding
BFLPs are colored in Figure 7 differently. In par-
ticular, the BFLPs of the spiral nulls are depicted
by orange tubes, while the BFLPs of the radial null
at the lowest height are represented by thinner yel-
low tubes.
The cyan tubes depict both open and closed
BFLPs of the basic null, which is located exactly
in between the spiral nulls. These BFLPs descend
from the upper part of the structure, rapidly con-
verge toward one another, and form a collimated
bunch of field lines (see Figure 7c). This bunch
then makes a sharp turn and starts skirting the up-
per spiral null toward the basic null. The cyan
BFLPs from the lower part of the structure also
approach this null, but at different angles. Reach-
ing the basic null, each pair of the cyan BFLPs
abruptly splits and forms two new bunches that
emanate from the null in opposite directions along
the spine lines, which are represented by thick ma-
genta tubes. The new bunches are not visible in
the figure, because they are enclosed by the thicker
magenta tubes.
Figure 7c does not show the BFLPs of the third
radial null, but it shows its location (the highest one
among all shown nulls), which is where the cyan
BFLPs of the basic null abruptly turn after their
rapid convergence. The turning point is slightly
off from the third radial null, which allows these
BFLPs to be deflected in one direction, i.e., to con-
tinue without splitting. The (not-depicted) BFLPs
of the third null closely follow the cyan BFLPs
and then split at the null into two bunches, as ex-
pected. One of them merges with the bunch of the
cyan BFLPs, while the other first moves in the op-
posite direction and then runs parallel to the ma-
genta spine toward the northern polar CH. Thus,
these two bunches approximate the spines of the
third radial null, while the fan surface of that null
nearly coincides with that of the basic null. In
other words, the separatrix curtain SC1 in the MHD
model actually consists of two very close fan sur-
faces, one of which originates at the basic null,
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while the other at the third radial null; both these
surfaces are embedded into a thin QSL.
This consideration helps to understand how SC1
is topologically linked to the northern polar CH.
In the top panel of Figure 2, the latter appears to
be extending as a high-Q line toward the location
of filament 2. Refining the field-line mapping, we
find that this line indeed contains a tendril-like out-
growth of the CH, with its width narrowing down
to zero approximately at the midpoint of that line.
This point is at the very tip of the open-field ten-
dril, and it serves as a footpoint for the spine line
that links to the third radial null. Thus, this spine is
an edge of the volumetric wedge-like outgrowth of
the northern polar CH. Its other two edges nearly
coincide with the open separators (thick pink lines
in Figure 7). The small differences between them
are due to the minor offset of the third radial null
from the turning point of the cyan BFLPs.
The remaining part of the high-Q line – the one
that is closer than the other to the location of fila-
ment 2 – is due to closed field lines that run in the
vicinity of a small isolated negative polarity (see
the top panel in Figure 2). The latter is embedded
into the positive parasitic polarity of the pseudo-
streamer and, hence, can be regarded as a “sec-
ondary" parasitic polarity. It is encircled by the PIL
with a BP at its northern side, so that the field lines
touching the BP form a dome-like surface that sep-
arates the isolated polarity flux from the ambient
one in a manner similar as described by Bungey
et al. (1996).
However, near the top of this dome, there exists
a magnetic minimum point where the field drops
by approximately three orders of magnitude com-
pared to its value averaged over the region under
the dome. This magnetic minimum gives birth to a
hyperbolic flux tube whose one footprint is exactly
the discussed closed-field part of the high-Q line.
The thin gray tubes in Figure 7c present the cor-
responding BFLPs, which reveal the typical struc-
ture of a hyperbolic flux tube originating at a mag-
netic minimum. It is characterized by a rapid con-
vergence of the field lines in one transverse direc-
tion and their rapid divergence in the other (Titov
2007; Titov et al. 2009). These two directions cor-
respond, respectively, to the vertical and horizon-
tal quasi-separatrix surfaces visualized in the fig-
ure by the gray BFLPs. The hyperbolic flux tube
provides a continuous transition of the structure
from the BP separatrix dome of the “secondary"
parasitic polarity to the upper-lying SC1 and the
adjacent volumetric outgrowth of the northern po-
lar CH. Altogether, this forms a complex set of
(quasi-)separatrix surfaces and lines that accom-
modates the reconnection between closed and open
field lines in the pseudo-streamer. Possible im-
plications of this process for the dynamics of the
coronal plasma will be discussed in Section 4.
It is instructive for comprehending the consid-
ered multi-null magnetic topology to pay attention
in Figure 7c to the field direction at the BFLPs, as
well as to their alignments with other structural el-
ements of the pseudo-streamer. In particular, at the
spiral nulls, the magnetic field at their spines and
fans is directed toward and outward of the null, re-
spectively. The spines are parallel to SC1, while
the fans are aligned with the quasi-separatrix sur-
face adjacent to the outgrowth of the northern po-
lar CH. At the radial nulls, the respective directions
and alignments of the spines and fans are opposite.
In conclusion, we emphasize that the complexity
of the magnetic topology is revealed here by apply-
ing just our BFLP technique. All topological fea-
tures are immediately recovered by this technique
as soon as the related high-Q lines are populated
with BFLP footpoints densely enough to have all
nulls in the region of interest bracketed.
3.4.3. Comments on Separatrix Domes
Comparing the photospheric s-logQ-maps in
Figure 2 (top panel) and in Figure 3 in Paper I
for closed field regions, we see that they are very
similar in the MHD and PFSS configurations. This
implies that the related separatrix domes are simi-
lar in both models as well. Therefore, Figure 7 in
Paper I provides a good proxy for the separatrix
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domes that the MHD model yields in the source
region of the first three eruptions on 1-2 August,
2010. The half-domes that join each other along
the spines of the null N1 and cover flux ropes 2
and 3 are basically due to two modifications in the
MHD model. First, they are slightly pulled upward
by the solar wind. Second, they form a cusp struc-
ture at their junction line along the spines of the
basic null by matching in their cross-section the
osculation that the open separators have at this null
(see Figure 7).
As in the PFSS model, the half-domes intersect
the separatrix curtain SC1 along the closed separa-
tor field lines, which are all connected at one end
to the basic null point. They are not shown explic-
itly in Figure 7 for simplicity, but their loop-like
shapes can easily be inferred from considering the
closed field lines of SC1. Similar closed separators
are depicted in Figures 5–8 of Paper I as thick red
tubes.
One should be cautious, though, about the good
correspondence between our two models for closed
separatrix structures in the low corona, because it
is mainly a result of the used photospheric bound-
ary conditions for the magnetic field. Only the
radial field component derived from the synoptic
map is used in both models to calculate the con-
figurations, which leads to a nearly potential field
at low heights in the MHD model. We anticipate,
however, that MHD magnetic-field structures re-
constructed from vector magnetic data would sig-
nificantly differ from their PFSS analogues. There-
fore, we refrain here from a more detailed compar-
ison of the separatrix domes of our two models.
4. SOME SPIN-OFF IMPLICATIONS OF OUR
ANALYSIS
As suggested by our analysis, pseudo-streamers
have several model-independent properties that
likely support coupling between successive CMEs.
Two of them are also interesting in connection
to the mechanisms of particle acceleration in so-
lar eruptions: (1) The parasitic-polarity PIL in
pseudo-streamers appears to be a favorable site for
the formation of erupting flux ropes; (2) A pseudo-
streamer has always a separatrix curtain that starts
at a basic null point and contains two open and
several closed separator field lines, all connected
to that null.
These separators lay at the intersections of the
separatrix curtain with other separatrix surfaces
such as the closed half-domes and the helmet-
streamer dome, which are connected to one an-
other along the spine lines of the basic null point.
The separatrix surfaces divide the volume around
the parasitic polarity of the pseudo-streamer into
topologically distinct cells of magnetic flux. Flux
ropes can reside initially in the two lowest cells,
i.e., in the closed-flux lobes delimited by the sepa-
ratrix curtain and half-domes. As demonstrated in
our idealized MHD simulation (Török et al. 2011),
an eruption of one of the ropes has to cause a sig-
nificant flux redistribution between that cells by
triggering magnetic reconnection along the sepa-
rators, which is one of the suggested mechanisms
for the acceleration of particles (Priest & Forbes
2000). Since the reconnection proceeds generally
along the entire length of separators (Parnell et al.
2010) and, in our case, in the low corona where
the magnetic and electric fields should be relatively
strong, the related acceleration of particles should
be rather efficient. What is also critically important
here is that the separators, as well as the open field
lines of the separatrix curtain, are all connected to
the basic null point, which facilitates the escape
of the accelerated particles into the open corona.
Thus, pseudo-streamers appear to be uniquely fa-
vorable sites for both the acceleration of solar en-
ergetic particles (SEPs) and their injection into in-
terplanetary space.
If this conjecture is true, the existent simple pic-
ture of SEP event classification (see Reames 2013)
becomes blurred. According to this classification,
there are only two distinct types of SEP events,
namely, impulsive and gradual ones. Supposedly,
each of them has a distinct underlying mechanism
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of particle acceleration and a distinct supporting
magnetic topology (Reames 2002).
In impulsive SEP events, the charged particles
are accelerated in flares by resonant wave-particle
interactions in a turbulent reconnection region.
The latter is assumed to develop between inter-
acting closed and open fields of locally opposite
orientations. The simplest 3D configuration where
open and closed fields contact each other is one
with a fan-spine magnetic topology (Masson et al.
2009).
In gradual SEP events, the acceleration of parti-
cles occurs at the shock wave that is formed ahead
of the erupting flux rope in the corona and helio-
sphere (e.g., Schwadron et al. 2015). Those par-
ticles that are accelerated earlier in the reconnec-
tion region beneath the flux rope cannot escape
along open magnetic field lines and so have to
precipitate down to the chromosphere. However,
this commonly accepted two-class picture of SEP
events is challenged by observations of events with
SEP populations whose abundance ratios are con-
sistent with both flare and shock origin (e.g., Cane
et al. 2006; Desai & Giacalone 2016, and refer-
ences therein).
In this regard, we note that the magnetic topol-
ogy of pseudo-streamers implies the existence of
new type SEP events that combines these two ba-
sic types. Indeed, as explained above, the erup-
tion of the flux rope, residing initially in one of
the pseudo-streamer lobes, can accelerate energetic
particles along the separators connected to the ba-
sic null point. The open part of the separatrix field
lines, also connected to the null, allows accelerated
particles to escape, in a similar fashion as in impul-
sive SEP events.
However, if the eruption of the flux rope is fast
enough, it has also to lead to the formation of a
shock wave and associated particle acceleration,
typical for the gradual SEP events. This implies
that eruptions that originate in pseudo-streamers
may produce two successive SEP events—first im-
pulsive, then gradual. (This timing might be diffi-
cult to distinguish at 1 AU from in situ measure-
ments, and very dependent on the field lines sam-
pled by the spacecraft.) Our case study suggests
that, from the topological point of view, this sce-
nario may occur quite often, so its further investi-
gation is of significant interest.
This new scenario for SEP events is similar to
the scenario that Masson et al. (2013) have re-
cently proposed for an eruptive configuration con-
taining both open and closed magnetic fields. The
closed field has initially a sheared magnetic ar-
cade formed inside a dome-like fan separatrix sur-
face that originates at a coronal null point with lo-
cally vertical inner and outer spine lines. The au-
thors demonstrated numerically that the eruption
of the sheared arcade leads to the formation of an
erupting flux rope and two reconnecting current
sheets—one of them below the rope and the other
at the null point. They showed that if this process
takes place close to an open-field boundary, it will
cause reconnection between open and closed fields
in the current sheets, which naturally leads to the
escape of accelerated particles into the open field.
The discussed scenario for SEP events is not
the only spin-off implication of our analysis of
pseudo-streamer magnetic topology. Another po-
tentially important implication arises in connection
to the slow solar wind problem. Upgrading our
PFSS configuration to MHD model, we found so-
called “plasmoids”, which have a peculiar 3D mag-
netic structure. Each of them consists of two flux
ropes of opposite handedness, meaning that their
axial currents are co-directed, while their axial
fields are counter-directed. These ropes are rooted
with one end in the photospheric regions of the like
polarity and, with their other ends, are conjoined
with each other at a spiral null point. Such a system
of two conjoined flux ropes is a 3D analog of plas-
moids produced in reconnecting current layers due
to the tearing instability in two-dimensional plas-
mas (Priest & Forbes 2000) and was described by
Wyper & Pontin (2014a,b) for configurations with
a spine-fan magnetic topology. Our analysis sug-
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gests that they appear at least in one of our pseudo-
streamers near the basic null of separatrix curtain
SC1, where a current layer is formed and bifurcated
into several plasmoids. The ongoing interchange
reconnection in this current layer provides trans-
fer of the open flux between CH1 and the northern
polar CH, likely as a residual part of the MHD re-
laxation to a full equilibrium.
The dynamics of the plasmoids in the current
layer should cause some pulsations in its neighbor-
hood, which must freely propagate along the adja-
cent open field lines of the separatrix curtain out-
ward in the corona. The details of this process have
yet to be properly studied, but based on the already
gained insights, we speculate that such pulsations
might naturally explain an enhanced variability of
the slow component of the solar wind. This is be-
cause the same process probably occurs at other
separatrix curtains that numerously surround the
HCS and where, according to the S-web model
(Antiochos et al. 2011; Linker et al. 2011; Titov
et al. 2011), the slow solar wind is formed.
In addition, a similar plasmoid, also consisting
of two flux ropes conjoined at a spiral null point,
appears in our investigation at a much larger scale
of the size of several solar radii. As discussed in
Section 3.3, the transient DFR created during the
MHD relaxation has also a spiral null at the center
of an erupting magnetic blob, which moves ahead
of a streamer plasma blob. Note that the spine lines
of the null are rooted at the same photospheric po-
larity (see panels (b) and (ic1) in Figure 6)) and
its neighboring field-line structure locally resem-
bles the plasmoids of the pseudo-streamer. This
suggests, on the one hand, that the magnetic blob
is nothing else than a huge plasmoid within the
HCS. Propagating radially outward from the Sun,
it transports both magnetic and mass fluxes into the
upper corona and heliosphere. On the other hand,
one could speculate that such plasmoids play a
similar dual role in pseudo-streamers, but on much
smaller length scales, more difficult to observe.
5. SUMMARY AND DISCUSSION
In this work, we analyzed the global topology
of the background magnetic field for a sequence
of CMEs that occurred on August 1–2, 2010
(Schrijver & Title 2011; Török et al. 2011). The
background field was reconstructed from photo-
spheric magnetograms by using our MHD model
that incorporates plasma thermodynamics. Pre-
viously, we have made a similar analysis for a
PFSS model derived from the same data (Titov
et al. 2012). As for the PFSS model, we find that
each of the three source regions of the CMEs con-
tains a pseudo-streamer that separates neighbor-
ing coronal holes of negative polarities from one
another. The MHD model confirms that each of
these pseudo-streamers starts at the photosphere
as a positive parasitic polarity that is divided in
the middle by a vertical magnetic surface, called
separatrix curtain. The field lines of the separatrix
curtain, both open and closed, fan out from a so-
called basic null point. Among them are two open
separator field lines that lay at the intersections
of the separatrix curtain with the helmet-streamer
separatrix dome. Therefore, the open separators
are the only sites where the open and closed mag-
netic fields contact each other. Thus, they are the
very sites where the so-called interchange recon-
nection between closed and open fields should take
place as the fields evolve.
There are also separatrix half-domes that are
joined together on the spine lines of the basic null
to cover the parasitic polarity. These domes are in-
tersected by the separatrix curtain along the closed
separator field lines, which are all connected at one
end to the basic null point. Reaching the pho-
tosphere, the separatrix curtain divides the closed
field of the parasitic polarity into two lobes, each of
which may harbor a magnetic flux rope. This topo-
logical structure implies that by producing a chain
of sympathetic eruptions, such flux ropes have to
cause magnetic reconnection along those separa-
tors, to provide the necessary redistribution of the
flux in the configuration. In this way, the topo-
logical structure sets a coupling between sequen-
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tial eruptions, which was the essence of our ide-
alized MHD simulation of sympathetic eruptions
(Török et al. 2011). Thus, the present work fur-
ther substantiates that model and reasserts its main
conclusion on the key role of the pseudo-streamer
magnetic topology in linking such eruptions.
We have also identified salient differences be-
tween magnetic structures in our MHD and PFSS
models. Those are the shapes, sizes, and flux
contents of the coronal holes, which are signif-
icantly larger for the MHD model, particularly
in the source regions. These differences become
even more prominent in the high corona, as clearly
revealed in our Q-maps and coronal holes’ con-
nectivity maps. They manifest in rather different
shapes of the HCS and coronal holes’ boundaries,
outlined by high-Q arcs, and in the different ways
the coronal hole boundary fluxes split and connect
in the HCS to one another. Thus, our case study
calls for reassessing the accuracy of the PFSS ap-
proximation in reproducing the global structure of
the coronal magnetic field near the HCS. Based on
the obtained results, we have to state firmly that its
MHD description cannot be matched satisfactorily
by a PFSS model.
The MHD model additionally provides a num-
ber of less obvious but still important insights into
the large-scale topology and reconnection of the
magnetic field in the corona. One of them is the
generalization of the open separator field line, de-
fined now as a field line lying at the intersection
of a separatrix curtain and a helmet-streamer sep-
aratrix dome. The properties of this dome notice-
ably depend on the model used for producing the
global configuration. In a PFSS model, the dome
originates at the source-surface null line, which is
unfortunately not a stable topological feature—it
has to disappear when switching to a more realis-
tic magnetic field model, such as the one provided
by MHD. Our analysis suggests that in this case,
instead of the null line, there should be a multiple-
null separator field line located at the very top of
the helmet-streamer separatrix dome, well inside
the HCS. Some of the nulls of this global separator
have to be also upper end points of the open sepa-
rators of pseudo-streamers. In addition, this global
separator is the edge of disconnected flux regions
that extend the HCS far into the heliosphere and
interplanetary space. Thus, this is the line along
which the closed, disconnected, and open flux re-
gions come into contact, and where reconnection
between them occurs to support the global evolu-
tion of the coronal magnetic field.
However, the picture just described refers to an
ideal situation where one would be able to model
the global magnetic field and analyze its topol-
ogy for a domain extending over many solar radii.
For smaller domains like ours, the helmet-streamer
separatrix dome differs from the one discussed
above. It is approximated by the surface that is
mainly formed by the field lines touching the upper
boundary at its polarity inversion line, while the
other parts of the surface—the separatrix bound-
aries of the disconnected flux regions—are only
partially included in it, as they are formed at larger
radii outside the analyzed volume. For this reason,
the above description of the global magnetic topol-
ogy is only inferred rather than determined; more
technical efforts are required to prove this conjec-
ture explicitly by extending the analysis to a larger
volume.
In fact, the MHD flows bring even more com-
plexity into the topology of the configuration. For
example, they force the basic null of the pseudo-
streamer to bifurcate into several other nulls, all lo-
cated in the current layer near the basic null. Some
of them are spiral nulls centered in the middle of
3D plasmoids, which are basically two flux ropes
of opposite handedness conjoined at the fan sepa-
ratrix surface of the associated spiral null. These
plasmoids are likely produced by the tearing insta-
bility developing in the current layer, and have to
play a certain role in the transfer of mass and mag-
netic fluxes into the solar wind.
A similar plasmoid, but on much larger length
scales, is present in the transient disconnected flux
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region of the HCS during its relaxation to an equi-
librium. A fast upward retraction of its U-shaped
magnetic loops scoops up coronal plasma by form-
ing a dense blob in the lower part of the plasmoid,
both of which rapidly propagate outward into the
corona. This process is accompanied by a recon-
figuration of the global magnetic field via recon-
nection of open magnetic fields below the blob
low in the corona. It appears that this intrigu-
ing phenomenon corresponds to streamer blobs in
observed disconnection events and so deserves a
more detailed investigation in the future.
Finally, our analysis of the pseudo-streamer
magnetic topology also reveals interesting implica-
tions for understanding SEP acceleration in CMEs,
driven by erupting flux ropes that resided initially
in pseudo-streamer lobes. In particular, it predicts
that such eruptions could sequentially produce a
pair of related impulsive and gradual SEP events,
which so far have been considered as two distinct
types of events.
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APPENDIX
A. BALD-PATCH CRITERION FOR A CURVED BOUNDARY
The criterion for the presence of the BP at a given PIL was earlier derived by Titov et al. (1993) for a flat
boundary. Therefore, its generalization for our spherical boundary is required. In fact, such a generalized
criterion is applicable to an arbitrary curved surface as well, since the latter can locally be approximated by
a sphere.
Let us derive this criterion for a sphere of radius R at which the radial component of the magnetic tension
force in spherical coordinates is proportional to
[
rˆ · (B ·∇)B]∣∣r=R = (B ·∇Br)|r=R −
(
B2θ +B2φ
)∣∣
r=R
R
,
where rˆ is a unit radial vector. As Br = 0 at the PIL, B coincides there with the tangential field Bτ , so that
[
rˆ · (B ·∇)B]∣∣PIL = (Bτ ·∇Br)|PIL −
(
B2θ +B2φ
)∣∣
PIL
R
. (A1)
However, we can also write, in general,
(B ·∇)B = B
2
R nˆ ,
where R is a local curvature radius of the field line and nˆ is a unit normal vector to it. From this formula,
we obtain the expression alternative to (A1), namely,
[
rˆ · (B ·∇)B]∣∣PIL =
[
B2θ +B2φ
R (rˆ · nˆ)
]∣∣∣∣∣
PIL
=
[
B2θ +B2φ
R
R
R sign(rˆ · nˆ)
]∣∣∣∣∣
PIL
, (A2)
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where R = R |(rˆ · nˆ)| ≤ R is the radius of the circle of intersection of our sphere with the osculating plane
spanned on the local vectors B and nˆ. Combining equations (A1) and (A2), we obtain
(Bτ ·∇Br)|PIL =
[
B2θ +B2φ
R
(
R
R sign(rˆ · nˆ)+1
)]∣∣∣∣∣
PIL
. (A3)
This expression is positive for concave field lines touching the sphere at the PIL, as (rˆ · nˆ) is positive for
them. For convex field lines, however, it is positive iff R > R, which is exactly what is required for a
touching field line to be locally above the boundary at the contact point. Thus, the inequality
(Bτ ·∇Br)|PIL > 0 (A4)
is a necessary and sufficient condition for the BP presence. It is independent of the curvature of the boundary
surface, although its derivation assumes that the normal rˆ is to be directed oppositely to the curvature radius
of the surface. As in the case of a plane boundary (Titov et al. 1993), this criterion simply requires that the
magnetic field at the BP has to be directed from negative to positive magnetic polarity.
Being applied to the upper boundary, equation (A4) determines those segments of the PIL which belong to
the disconnected flux regions. The remaining segments of the PIL represent the apex of the helmet-streamer
separatrix dome.
B. HELMET-STREAMER SEPARATRIX DOME NEAR THE OUTER BOUNDARY
The upper-boundary PIL is determined by the equation Br(R∗out,θ,φ) = 0. Any function restricted on this
line will hereafter be designated by subscript PIL∗. Depending on whether we deal with a PFSS or MHD
configuration, either the entire PIL or only its subset, respectively, serves as an apex for the helmet-streamer
separatrix dome. For an MHD configuration, by launching field lines from the apex one can retrieve the
dome itself. In a PFSS configuration, however, the apex is a null line, so its points cannot directly be used
to start field-line integration. For these purposes, one should use, instead, appropriate neighboring points.
Assuming below that ∆l is a small distance between them and the apex points, we derive their locations
in terms of small corrections (∆r,∆θ,∆φ) to the apex-point coordinates. This provides the structure of the
helmet-streamer separatrix dome near its apex. For the purpose of comparison, we derive it for both types
of configurations, starting from the simpler MHD type.
B.1. MHD configuration
In this case, the magnetic field at the upper-boundary PIL
BPIL∗ ≡
(
B2θ +B
2
φ
)1/2∣∣∣
PIL∗
(B5)
generally does not vanish, so one can seek solution of the field-line equation in the form of Taylor series in
∆l. The leading terms of this series yield
∆r =
(Bτ ·∇Br)|PIL∗
B2PIL∗
∆l2 , (B6)
R∗out ∆θ=±
Bθ
B
∣∣∣∣
PIL∗
∆l , (B7)
R∗out sinθPIL∗ ∆φ=±
Bφ
B
∣∣∣∣
PIL∗
∆l . (B8)
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Equation (B6) implies that ∆r < 0 iff
(Bτ ·∇Br)|PIL∗ ≡
(
Bθ
r
∂Br
∂θ
+
Bφ
r sinθ
∂Br
∂φ
)∣∣∣∣
PIL∗
< 0 , (B9)
which is opposite to inequality (A4), as required. The upper and lower signs in equations (B7) and (B8) cor-
respond to backward and forward, respectively, displacements from the apex relative to the local magnetic
field.
B.2. PFSS configuration
The PFSS boundary condition Bτ |r=R∗out = 0 implies that the matrix of tangential gradients of Bτ is vanish-
ing, i.e., [∇τBτ ]|r=R∗out = 0 . Taking also into account that the magnetic field is potential, i.e., B = −∇F such
that∇2F = 0 holds everywhere up to the boundaries, one can obtain that ∂Br
∂r
∣∣
PIL∗ = 0 and
[∇B]|PIL∗ = [∇B]T
∣∣
PIL∗ =
1
R∗out

0 ∂Br
∂θ
1
sinθ
∂Br
∂φ
∂Br
∂θ
0 0
1
sinθ
∂Br
∂φ
0 0

∣∣∣∣∣∣∣∣
PIL∗
. (B10)
The eigenvalues of this matrix are
λ1 =0, (B11)
λ2,3 =±|∇τBr|PIL∗ . (B12)
The eigenvector corresponding to λ1 is a vector tangential to the source-surface PIL, while the remaining
two eigenvectors are tangential to the helmet-streamer separatrix dome. Each of them lays in the plane
perpendicular to the PIL at angle of 45◦ to the local radial direction towards the Sun. The resulting displace-
ments along them are as follows:
∆r =−
∆l√
2
, (B13)
R∗out ∆θ=∓
∂Br
∂θ
∣∣∣∣
PIL∗
∆l
√
2R∗out |∇τ Br|PIL∗
, (B14)
R∗out sinθPIL∗ ∆φ=∓
1
sinθ
∂Br
∂φ
∣∣∣∣
PIL∗
∆l
√
2R∗out |∇τ Br|PIL∗
, (B15)
where
R∗out |∇τ Br|PIL∗ =
[(
∂Br
∂θ
)2
+
(
1
sinθ
∂Br
∂φ
)2]1/2∣∣∣∣∣∣
PIL∗
. (B16)
As for the MHD case, the upper and lower signs in equations (B14) and (B15) correspond, respectively, to
backward and forward displacements from the apex relative to the local magnetic field.
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Figure 1. Top panel: superimposed photospheric maps of Br and coronal holes (semi-transparent colors, boundaries
outlined in yellow) in our MHD model of the 2010 August 1–2 solar corona. Green lines represent the PIL at
r = 1.05R, with their thick segments designating the location of filaments, some of which are numbered in the order
they erupted a. Bottom panel: comparison between MHD (shaded) and PFSS (contoured) coronal holes; colors with
bluish and reddish tints correspond to negative and positive polarities, respectively. Yellow balloons indicate in both
panels the coronal holes (CH1...3) involved in the eruptions.
a This figure has the same PIL as in Titov et al. (2012), where it was misprinted as photospheric, i.e., as determined at
r = R.
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Figure 2. s-logQ map of the MHD model at the photosphere (top panel) and upper boundary r≈ 5R (bottom panel).
As in Figure 1, the photospheric coronal holes in negative and positive polarities are shaded in colors with bluish and
reddish tints, respectively. The orange arrows point to the yellow-shaded areas of disconnected-flux regions in the
upper-boundary map, which is superimposed on dimmed maps, including a similar s-logQ map of the PFSS model
and the photospheric coronal-holes’ map shown in the bottom panel of Figure 1. The upper-boundary footprints of the
pseudo-streamer separatrix curtains (SC1...3) involved in the sympathetic eruptions are indicated with cyan balloons.
2010 AUGUST 1–2 SYMPATHETIC ERUPTIONS: II. 25
Figure 3. Coronal-holes’ connectivity maps for MHD (top panel) and PFSS (bottom panel) models with superim-
posed semi-transparent s-logQ maps at the upper boundaries r ≈ 5R and r = 2.5R for MHD and PFSS model,
respectively. Thick green lines show the location of filaments, some of which are numbered in the order they erupted.
The structural elements adjacent to them are indicated with yellow and cyan balloons, which refer, respectively, to the
coronal holes (CH1...3) and the upper-boundary footprints of the pseudo-streamer separatrix curtains (SC1...3).
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Figure 4. Maps of the contours enclosing disconnected-flux regions (DFRs): at fixed upper-boundary radius R∗out ≈
5R and different times (top panel), and at fixed (final) time of the simulation and different R∗out (bottom panel). The
time sequence covers the evolution of the DFRs from the instant they first appear in the domain R ≤ r ≤ R∗out. These
maps are superimposed on the dimmed photospheric map of Br and coronal holes (Figure 1). The thin white line
represents the PIL at r = R∗out, the dashed white line encircles a DFR that is transient for the chosen domain: it first
appears at r < R∗out and then moves to larger radii to become stabilized at r & 6R.
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Figure 5. Field-line structure shown at time instant 15 in regions of interest, including the disconnected-flux sepa-
ratrix surfaces DFSS1 and DFSS2, and open-field parts of separatrix curtains SC1...3. The s-logQ map at the upper
boundary r = R∗out(≈ 5R) is made transparent for low values of Q to visualize simultaneously the indicated features
and the photospheric distributions of Br (blue-red), s-logQ (aqua-crimson) and coronal holes (yellow). The insets
present zoomed-in views of the features.
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Figure 6. The magnetic topology of the transient DFR (at time instant 11) encircled by the white dashed line in
Figure 4: (a) synthetic image of Thompson scattering brightness using a semi-transparent blue-white palette and
magnetic field lines passing through a plasma blob (white spot) moving outward from the Sunb; the magnetic field
topology inside (b) and at the boundary (c) of the DFR, enclosing the blob, and open-disconnected (green-brown)
flux areas at the upper boundary r = 20R; (d) the same mask blended with the respective s-logQ map. Insets to
panels (b) and (c) present zoomed views of the field structure near null points: a spiral one (ib) and several radial ones
(ic1–ic3); semi-transparent yellow shadings over the photospheric Br-map mark open-field regions in inset (ic1); the
red circles in inset (ic3) localize two nulls at a separator field line.
b Note that the view is exactly onto the northern pole of the Sun, so the brightness image would be different if the
integration were made along the viewing direction of this figure.
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Figure 7. Separatrix curtain SC1 at the final instant 15 of the MHD run: a view on SC1 similar to the one used for the
PFSS model ((a), cf. Figure 5 in Titov et al. 2012), a view on the other side of SC1 (b), and a zoomed region around
the basic null point (c). Black and white arrows indicate spiral and radial null points, respectively, while the grey
arrow points to a degenerate null. The basic null point is the one to which the spine (thick magenta) lines connect.
The vector triads on these panels show the orientation of the Cartesian system that is rigidly bound to the Sun center
with the z-axis directed to the north pole.
